We studied the relationship of coronary artery calcification (CAC), a marker of coronary atherosclerosis, with prevalent clinical coronary artery disease (CAD) and established cardiovascular disease (CVD) risk factors in a type 1 diabetic population. At the 10-year follow-up examination of the Pittsburgh Epidemiology of Diabetes Complications (EDC) Study cohort, 302 adults (mean age 38.1 ± 7.8 years) received electron beam tomography (EBT) scanning of the heart and a clinical examination. Clinical CAD was defined as a confirmed history of myocardial infarction (MI), angiographic stenosis ≥50%, Pittsburgh EDC Study physician-diagnosed angina, or ischemic electrocardiogram (ECG). CAC correlated with most CVD risk factors. CAC had 84 and 71% sensitivity for clinical CAD in men and women, respectively, and 100% sensitivity for MI or obstructive CAD. A CACS cut point of 400 was the most efficient coronary calcium correlate of CAD. In subjects with angina only, CAC sensitivity was 83% in men and 46% in women. In logistic regression, CAC, ECG R-R variation, peripheral vascular disease, and Beck Depression Inventory independently correlated with prevalent CAD in men and overall. Except for CAC, the same variables independently correlated with CAD in women, and age also entered the model. CAC was an independent correlate of MI or obstructive CAD in both sexes and was the strongest independent correlate in men, but CAC was not independently associated with angina and ischemic ECG in either sex. It is concluded that EBT-detected CAC is strongly correlated with CAD in type 1 diabetes-particularly in men.
C ardiovascular disease (CVD) mortality risk in type 1 diabetes is up to 10-fold higher than in the general population and accounts for the majority of deaths in middle-aged type 1 diabetic patients (1) . Angiographically mild lesions may spontaneously rupture and/or progress to severe stenoses or occlusions over a period of a few months (2) . A large fraction of coronary artery disease (CAD) thus first comes to clinical attention through acute events. Coronary artery calcification (CAC) has been found to be specific for atherosclerosis (3, 4) , except for a single case report (5) . The degree of CAC also correlates with coronary plaque burden (6) .
Electron beam tomography (EBT) is a noninvasive technique for the detection and quantification of CAC. The American Heart Association (7) concluded in their Scientific Statement that "reproducibility varies from excellent to moderate." However, they also state that "unless the calcific area is greater than 2 mm, reproducibility appears to be insufficient for serial assessment of coronary calcium levels in individual patients," an opinion consistent with a report from Wang et al. (8) . Nonetheless, the American Heart Association statement also concludes, EBT is "sufficiently accurate to predict angiographic stenoses somewhere in the coronary arteries and to predict clinical end points in symptomatic patients." Because partial volume effects play a key role in the variability of calcium scores, some investigators advise averaging the results of duplicate scans (9) .
Although coronary artery calcification score (CACS) is predicted by CVD risk factors (7, 10, 11) , it is in many studies an independent predictor of obstructive CAD (11) (12) (13) . According to a study that used 4 meta-analyses (one for each testing modality: EBT, treadmill, stress-echocardiography, or stress thallium), CACSs, whether based on sensitivity, specificity, or maximum combined sensitivity and specificity, provided the most cost-effective pathway for diagnosing obstructive CAD, whereas negative and positive predictive values were similar to other testing modalities (14) .
CAC has >90% sensitivity for history of myocardial infarction (MI) (10, 15) . A study involving age-matched type 2 diabetic patients found that CACS and nephropathy, but not other CVD risk factors, were significantly associated with symptomatic CAD and >75% stenosis (16) .
Whether and in what populations CACS predicts events independent of established CVD risk factors has not been determined (17) (18) (19) (20) (21) (22) . In the only published prognostic study of CACS in diabetes (type 2), calcification score predicted events, but patients in the second tertile of scores experienced the most events. No adjustment was made for other risk factors (23) . Because of the very high risk of CAD in type 1 diabetes and its frequent unheralded appearance, the early detection of CAD would be particularly valuable so that intensive therapy can be initiated. Little, however, is currently known about CAC in type 1 diabetes.
Accordingly, we used EBT to study the relationship of CAC and prevalent clinical CAD in adults with type 1 diabetes to determine if similar relationships are seen to those in the general population. Further objectives were to determine the most efficient cut point in terms of identifying prevalent CAD and the major predictors of CAC in type 1 diabetes.
RESEARCH DESIGN AND METHODS
Study population. Subjects were participants in the Pittsburgh Epidemiology of Diabetes Complications (EDC) Study. The Pittsburgh EDC Study is a 10-year prospective follow-up study of risk factors for complications of childhood-onset type 1 diabetes. Pittsburgh EDC Study participants were recruited from the Children's Hospital of Pittsburgh (CHP) registry of type 1 diabetes, which has been shown to be representative of the Allegheny County population (24) . Subjects diagnosed with type 1 diabetes at CHP (or seen at CHP within 1 year of diagnosis) before age 17 years between 1950 and 1980 were eligible for the Pittsburgh EDC Study. Recruitment was described previously (25) .
Of the subjects, 658 met eligibility criteria and participated in the first biennial Pittsburgh EDC Study examination in 1986-1988. In the sixth Pittsburgh EDC Study cycle in 1996-1998 (10-year follow-up), 407 subjects were examined in the clinic.
Beginning in June 1997, EBT was offered during the weekday clinic to Pittsburgh EDC Study participants aged ≥30 years. After further approval from the Institutional Review Board, EBT was also made available to study participants aged 18-29 years, and subjects who had already completed the cycle 6 examination were invited to return for EBT screening if they had not received it. A total of 302 Pittsburgh EDC Study subjects completed EBT screening and a full cycle 6 visit. Clinical evaluation and procedures. Before attending the clinic, participants completed a questionnaire concerning demographic information, medical history, depressive symptoms (Beck Depression Inventory [BDI] [26] ), and physical activity. An ever-smoker was defined as 100+ lifetime cigarettes. Height was measured with the clinic stadiometer. BMI was calculated as weight (kg)/height 2 (m 2 ). Two waist measurements were made midway between the upper iliac crest and lower costal margin, and 2 hip measurements were made at the maximum hip circumference. Averages of each were used to derive the waist-to-hip ratio (WHR). Sitting blood pressures were measured according to the Hypertension Detection and Follow-up Program protocol (27) using a random zero sphygmomanometer. The mean of the second and third readings was used. Hypertension was defined as blood pressure >140/90 mmHg or taking antihypertensive medication. Resting ankle/arm pressures were taken with the subject supine using a Doppler blood flow detector. The right and left tibialis posterior and dorsalis pedis arterial pressures were compared with the arm pressure. Anklebrachial pressures were calculated using the arm pressure taken closest in time to the ankle pressure. Any subject with an ankle-brachial index (ABI) of <0.8 for any of the 4 vessels or a history of claudication or of amputation for vascular cause was considered positive for lower-extremity arterial disease (LEAD). Subjects with an ankle-brachial difference (ABD) of ≥75 mmHg for any of the 4 vessels were considered positive for peripheral arterial calcification (PAC) (28) . A 12-lead electrocardiogram (ECG) was obtained. The expiration/inspiration (E/I) ratio was calculated from ECG R-R intervals according to an officebased method, using the mean of 2 tests, separated by a 1-min rest. An E/I ratio <1.10 was considered evidence of autonomic neuropathy (29) . Fasting blood samples were taken. HbA 1 was measured using automated high-performance liquid chromatography (Diamat; Bio-Rad, Hercules, CA). Cholesterol and triglycerides were measured enzymatically (30, 31) . HDL cholesterol was determined using a modification of the Lipid Research Clinics method by a heparin and manganese procedure (32) . LDL cholesterol was calculated using the Friedewald equation (33) , which has been previously validated in this type 1 diabetic population.
Distal symmetric polyneuropathy (DSP) was determined according to the Diabetes Control and Complications Trial protocol (34) . Subjects with the presence of 2 or more symptoms, signs, and absent tendon reflexes were considered positive.
Overt nephropathy (ON) was defined as having an albumin excretion rate >200 µg/min in ≥2 of 3 timed urine collections (24-h, overnight, and postclinic), renal dialysis, or a kidney transplant. If 2 timed urine specimens were not available or complete, a previously validated urinary albumin-to-creatinine (mg/mg) ratio >0.31 was used to define ON. Urinary albumin was determined immuno-nephelometrically (35) . If no specimens were available, serum creatinine >2 mg/dl was considered evidence of ON.
Clinical CAD was defined as a history of MI (confirmed by ECG Q-waves or hospital records, using standardized criteria) (36), coronary artery occlusion ≥50% by angiography, ischemic ECG (Minnesota codes 1.1-1.3, 4.1-4.3, 5.1-5.3, or 7.1) (37) at the 10-year examination, or diagnosis of angina by the Pittsburgh EDC Study physician during any cycle visit.
CAC was measured by EBT using an Imatron C-150 ultrafast computed tomography scanner (Imatron, South San Francisco, CA). Threshold calcium determination was set using a density of 130 Hounsfield units in a minimum of 2 contiguous pixels. While supine subjects held their breath, ~30 scans were obtained in 3-mm contiguous sections of the heart. Scans were triggered by ECG signals at 80% of the R-R interval. CACS was calculated according to the method of Agatston et al. (38) . A high reproducibility of coronary scans has been reported in a previous study in our facility with an intraclass correlation of 0.99, partially reflecting the wide range of calcification noted in this study (39) . Statistical analysis. Analysis was performed using SPSS for VMS/VAX (40) . Receiver operating characteristic (ROC) curves were produced using Epistat (41) . Differences between subjects were evaluated using Student's t test for continuous variables and 2 test for dichotomous variables. Non-normally distributed variables were transformed by natural log if possible (triglycerides); the Mann-Whitney U test was used to compare continuous variables that could not be log-normalized (CACS, BDI, pulse, and E/I ratio). P < 0.05 was considered statistically significant. Sub-analysis focused on cases of CAD with hard evidence, i.e., myocardial infarction or angiographic stenosis of ≥50% (n = 20).
Linear regression was used to evaluate potential predictors of CACS. Variables that were correlated with CACS at the P < 0.10 level were made available for forward stepwise multiple linear regression models. Significance of P < 0.05 was required to enter the model, and P > 0.10 was required for exclusion from the model of a variable that had entered.
Logistic regression was used to evaluate potential risk factors for prevalent clinical CAD. The same entrance and exclusion criteria were used for model building.
The following calcium variables were evaluated: calcium present/absent; total calcium score; 3+/<3 calcified vessels; CACS cut points in intervals of 100, from 100 to 900; and an age-related CACS cut point (400 for age 50+ years, 100 for age <50 years). From preliminary analyses, it was believed that the CACS cut point of 400 (cal400) was the most efficient predictor of clinical CAD. Multivariate models were thus developed using the cal400 variable. The other calcium variables were each in turn substituted for cal400 in the full multivariate models. However, none of the other calcium variables was as statistically significant as cal400 nor did any improve model fit or the proportion of variance explained.
Because of colinearity with age (r = 0.69), the duration variable was not used in multivariate analyses. Results were virtually identical if duration was used, except that, unlike age, duration did not enter the final models for CAD prediction in women ( Table 3 ). The lowest ABI and highest ABD of the 4 taken on each subject were used for analyses. In all final models, a single variable-peripheral vascular disease (PVD) (indicating the presence of LEAD and/or PAC)-was a stronger correlate of CAD than either the LEAD or PAC variable and was used in place of them.
RESULTS
The 105 cycle-6 participants without EBT screening were significantly younger (35.5 years) than the 302 cycle-6 participants with EBT screening (38.1 years, range 18-55; P < 0.001), reflecting the initial selection criteria, but did not differ significantly in sex distribution or prevalence of clinical CAD.
Twenty-five of 146 men (17.1%) and 31 of 156 women (19.9%; a nonsignificant difference) had clinical CAD. Subjects were classified according to their highest CAD type as follows: MI (4 men and 4 women), ≥50% stenosis or coronary bypass surgery (5 men and 7 women), angina with ischemic ECG (1 man and 2 women), angina only (11 men and 11 women), and ischemic ECG only (4 men and 7 women). The first 2 categories (hereafter referred to as MI/stenosis) were grouped for analysis, as were the last 3 (hereafter referred to as angina/ischemia). Ten of the subjects with histories of MI/stenosis also had histories of angina. Thus, 9 men and 11 women were classified as having "hard" cardiac end points (MI/stenosis), whereas 16 men and 20 women were classified as angina/ischemia.
The prevalence of any CAC increased with age from 11% before age 30 years to 88% in individuals aged 50-55 years ( Fig. 1) . Calcification was more common in subjects with clinical CAD (77%) than in those without CAD (39%; P < 0.0001). CAC was detected in all subjects with CAD aged ≥50 years. In subjects with the same CAD status, there was little sex difference in CAC prevalence at every age.
The odds ratio of clinical CAD increased from 1.0 in men without calcification (referent) to 4.3 and 50.9 in men with CACS 1-399 and 400+, respectively. In women, the odds ratio increased from 2.2 to 3.8 and 28.8 in the same CACS categories. Figure 2 shows the distribution of CAC within CAD status. Of the subjects without clinical CAD, 61% had no detectable CAC compared with 36% of subjects with angina/ischemia and no subjects with MI/stenosis. Of the subjects who were free of clinical CAD, 5% had a CACS of 400+, as did 25% of subjects with angina/ischemia and 80% of subjects with MI/stenosis. However, more subjects with angina/ischemia had a CACS of 1-399 (n = 14) than of 400+ (n = 9).
The sensitivity and specificity of CAC for clinical CAD varied by sex, CACS cut point, and type of CAD, as shown in Table 1 . Overall, the presence of any calcification had 77% sensitivity and 61% specificity for CAD. Sensitivity was higher in men (84%) than women (71%), whereas specificity was comparable. Positive predictive values were low (31%), whereas negative predictive values were 90% in women and 95% in men.
The sensitivity and specificity of any CAC for MI/stenosis were 100 and 58%, with little sex difference. The maximum accuracy, using a cut point of 151-168, resulted in sensitivity of 95% and specificity of 84%. At the CACS cut point of 400, overall sensitivity and specificity were 80 and 92%, respectively, and were higher in men than women. CAC sensitivity for MI/stenosis (100%) was significantly higher than that for angina/ischemia (64%) (P < 0.002, 1-tailed). The difference between CACS 400+ sensitivity for MI/stenosis (80%) and angina/ischemia (25%) was significant (P < 0.0001). The sex difference in sensitivity for angina (men, 83%; women, 46%) approached statistical significance (P = 0.06, 1-tailed).
The ROC area curves for CACS and evidence of MI, stenosis, and/or angina are shown by sex in Fig. 3 . The area under the curve for both sexes was 0.77. The area was greater for men (0.84) than for women (0.71), although the difference was not significant (P = 0.11, 2-tailed).
CVD risk factor distributions are shown in Table 2 for subjects with and without clinical CAD. Subjects with CAD were on average 7-8 years older and had had diabetes 8 years longer (both P < 0.001) than subjects free of CAD. Traditional CVD risk factors were generally worse in subjects with CAD. Mean HbA 1 levels were significantly higher in men with CAD (10.7%) than without CAD (9.8%) but differed little in women.
The mean CACSs in subjects with no CAD, angina/ischemia, or MI/stenosis were 37, 6, and 302 for ages 30-39 years; 135, 204, and 1,085 for ages 40-49; and 401, 827, and 956 for ages 50-55 years, respectively.
In multivariate modeling, the significant independent correlates of clinical CAD were E/I ratio, BDI, PVD, and (except in women) cal400 (Table 3) . Age also entered the model for women. In all models, PVD was the strongest correlate of prevalent CAD, although overall, BDI was equally strong. Sex was not an independent CAD correlate. If coronary calcium was not available, age entered the model for both sexes, whereas systolic blood pressure (sBP) (but not E/I ratio) entered the model for men. Prevalent MI/stenosis independently correlated with cal400, hypertension, triglycerides, age, and PVD in both sexes, with cal400 being the strongest correlate. In men, cal400 was the only significant independent MI/stenosis correlate. In women, triglycerides and age were stronger than cal400, but all 3 variables were significant. Sex was not an independent MI/stenosis correlate. If the CAC variable was not available, no other variables entered the models for women or for both sexes, whereas PVD entered the model for men.
After excluding subjects with MI/stenosis, univariately, cal400 was strongly correlated with angina/ischemia (P < 0.02 in all sex-specific comparisons, P < 0.0003 for both sexes). The independent correlates of prevalent angina/ischemia (PVD, BDI, E/I ratio, and, in women, age) were similar to the correlates of clinical CAD, except that CAC was not significant. Table 4 shows CVD risk factor distributions by sex and presence or absence of coronary calcification. Among both men and women, age, diabetes duration, sBP, BDI, and WHR were significantly higher in subjects with CAC, whereas E/I ratio was lower. Triglycerides were also higher (P < 0.05) in women with CAC. The prevalence of hypertension, nephropathy, DSP, and LEAD were significantly higher in subjects with CAC. PAC and a smoking history were more common in the presence of CAC (significantly so in men).
CACS was correlated with most of the CVD risk factors studied ( Table 5 ). The strongest correlations were with age, diabetes duration, sBP, and E/I ratio in both men and women. As a reflection of the associations of LEAD and PAC with low and high ankle blood pressure, respectively, ABI was negatively correlated with CACS for ABI <1.10, but this association was positive for ABI >1.20 (not shown). Conversely, ABD was positively correlated with CAC at ABD values >0, but less strongly over its entire range. Glycosylated hemoglobin was not correlated with coronary calcium.
In stepwise multiple linear regression, diabetes duration (or age) was the strongest independent correlate of calcium score in both men and women (P ≤ 0.0002). In men, hypertension also entered the model (P < 0.003). In women, PVD and DSP also entered the model. If CAD was made available to predict calcification score, duration (or age) and CAD were equally strong, and PVD also entered the model.
DISCUSSION
Coronary calcium increases with age (42) . Coronary calcium has been found more often and in larger quantities in diabetic patients with CAD compared with patients without CAD (43, 44) . Whereas there is conflicting evidence as to whether CAC is more common in type 2 diabetes patients than nondiabetic subjects (10, 42, 45) , there is almost no evidence concerning CAC in type 1 diabetes. In this study, we have shown that CAC relates to clinical CAD independent of other risk factors; however, overall, this association is stronger in men than in women. CAC shows similar risk factor associations to clinical CAD. The CACS dose response for CAD observed by us agrees with a cross-sectional report in nondiabetic subjects (44) but was not seen in one prospective study (23) .
Our CAC prevalence results in type 1 diabetic subjects who were free of known CAD are comparable to those of Rewers et al. (46) and Colhoun et al. (47) for subjects aged 40 years and above for each sex, but differ markedly in younger ages (being much lower in the current study). This difference may be a result of small sample sizes for the agegroup <30 years. We also used a minimum calcium threshold of 1 mm area compared with 0.63 mm (M. Rewers, personal communication) and 0.52 mm (H. Colhoun, personal communication).
Rewers et al. (46), Colhoun et al. (47) , and the present study all found that the sex difference in prevalence of calcium, which is quite large in nondiabetic subjects, is attenuated or abolished in type 1 diabetes. A study involving both type 1 and type 2 diabetic subjects obtained similar results (43) . These observations are compatible with the loss of protection against CVD seen in type 1 diabetic women (48) .
A variety of coronary calcium score cut points have been used by others (12, 14, 15, 20) . The present study is the first to our knowledge to report cross-sectional associations of coronary calcium and clinical CAD in type 1 diabetes. In univariate analysis, CAC and CACS 400+ were strongly associated with CAD. A score of 400+ was the best coronary calcium correlate of CAD in multivariate modeling. Additional calcium markers such as square root and log transformations were also investigated but did not improve on the 400 cut point. CACS >400 is considered a high level of cardiovascular risk in recent guidelines for EBT use in asymptomatic individuals (49) .
Using EBT, Goel et al. (10) found coronary calcium in 74% of men with chest pain but only 32% of women (10) . This finding, together with the sex difference in EBT sensitivity in the present study (83 vs. 46% for angina), supports the impression that the clinical expression of CAD differs between men and women (50) .
Studies comparing CAC by type of CAD do not agree whether coronary calcification is more (4), less (51), or equally (45, (52) (53) strongly associated with MI compared with angina. CAC prevalence may differ between stable and unstable angina (54) . In the present study, calcification was more strongly associated with a history of MI or MI/stenosis than of angina alone, with the sex differences noted previously.
A potential confounder of CAC's association with CAD type is the time between coronary event and calcium detection. A longer interval allows for increased calcification of lesions. Survival and selection biases are also likely. There was evidence in our study that subjects with "angina only" had a first event at an earlier time than subjects with MI/stenosis (suggesting differential survival), but the difference disappeared when subjects with ischemic ECG at the cycle-6 visit were grouped with subjects with angina. One previous study (53) investigated patient characteristics predominantly in men with CAD and negative EBT scans. Subjects without CAC were younger, and none had hypertension. The present study also found that among subjects with angina/ischemia, negative scans were associated with younger age. Among women with angina, CAC was always associated with LEAD, and absence of CAC was associated with absence of LEAD.
Our lower correlation between CACS and angina, particularly in women, raises the possibility of inappropriate diagnosis. An additional possibility is that angina in diabetes has a different pathogenesis than MI/stenosis. Consistent with this argument is the finding in our 6-year incidence data that BDI is more predictive of morbidity (MI and angina) than mortality, whereas traditional CVD risk factors such as blood pressure and lipids are more closely related to CHD mortality (55) . Further follow-up is needed to resolve this critical issue.
The cross-sectional associations between CVD risk factors and CAD at the 10-year follow-up of the Pittsburgh EDC Study cohort were similar to those found at baseline (56) . Like Rewers et al. (46) , but unlike Colhoun et al. (47), we did not find BMI to be associated with calcification. Although the mean BMI was similar in the present study and that of Colhoun et al., there were substantial differences in diabetes duration, sBP, HDL cholesterol, and prevalence of albuminuria, even within subjects aged 30-45 years and free of previously known CAD or kidney failure.
The Pittsburgh EDC Study will continue to follow subjects for coronary events. An estimated 13% of study subjects who were free of clinical CAD at the 10-year follow-up visit will experience a first event (angina, MI, or fatal CHD) in the years 1998-2002. If the risk for an event is 3.6 times as great (19) in subjects with CAC, we project that the event rate in the subjects with negative EBT scans will be 6.4%, and the event rate will be 22.9% in subjects with positive scans. The projected event rate in subjects with negative scans is by no means negligible and suggests that they too need appropriate cardiovascular risk factor management. Although the subjects with high CACSs may be at higher risk of a first event, further follow-up data are needed before EBT screening can be recommended for type 1 diabetic patients. The enormous CVD risk faced by these subjects makes early intervention critical, especially in subjects with subclinical disease. 
